Summary
TraM is a DNA binding protein required for conjugative transfer of the self-transmissible IncF group of plasmids including F, R1 and R100. F TraM binds to three sites in F oriT: two high affinity binding sites, sbmA and sbmB, which are direct repeats of nearly identical sequence involved in the autoregulation of the traM gene; and a lower affinity site, sbmC, an inverted repeat important for transfer, which is situated nearest to the the nic site where transfer originates. TraM bound cooperatively to its binding sites at oriT; the presence of sbmA and sbmB increased the affinity for sbmC 10-fold. Bending of oriT DNA by TraM was minimal, suggesting that TraM, a tetramer, was able to loop the DNA when bound to sbmA and sbmB simultaneously. Hydroxyl radical footprinting of DNA of sbmA and sbmC revealed that TraM contacted the DNA within a region previously delineated by DNase I footprinting. TraM protected the CT bases within the sequence CTAG, which occurred at 12 base intervals on the top and bottom strand of sbmA, most consistently with other protected bases . The footprint on sbmC revealed that the predicted inverted repeats were protected by TraM with a pattern that began at the center of the repeats and radiated outward at 11-12 base intervals towards the 5' ends of either strand. At high protein concentrations, this pattern extended beyond the footprint defined by DNase I, suggesting that the DNA was wrapped around the protein forming a nucleosome-like structure which could aid in preparing the DNA for transfer.
Introduction
The F plasmid is a 100kbp circular plasmid 1 found in E. coli and is a paradigm for pilusmediated conjugation. Transfer proteins required for conjugation have been divided into five categories based on relaxosome formation and DNA transport, pilus assembly, mating pair stabilization, surface exclusion and regulation (1) . The relaxosome is a nucleoprotein complex of TraI, TraY and TraM bound to the origin of transfer (oriT), which interacts with the DNA transport protein TraD, located in the inner membrane. TraI is both a relaxase which cleaves at the nic site within oriT in a strand-and sequence-specific manner and a helicase which is essential for transfer (2, 3) . TraY facilitates TraI relaxase activity at nic (4, 5) , while TraM is a DNA binding protein that binds to three sites in the oriT region (sbmA,-B,-C). TraM is not required for cleavage at oriT (5, 6) although it is essential for conjugation (7) . Since TraM is thought to bind TraD (8) , it might function by linking the relaxosome to the transferosome, a multiprotein complex that spans the cell envelope and is responsible for pilus assembly and mating pair formation.
The highest affinity binding sites for F TraM are sbmA,-B which are involved in the autoregulation of the traM gene (9) , while the lowest affinity site, sbmC, is located nearest to nic and appears to have an important role in DNA metabolism during transfer. Removal of sbmA,-B from a cloned oriT segment decreases transfer by 100-fold, while removal of sbmC further ligating to 0.3 pmol of pBEND2 digested with XhoI. pRF920 was constructed by digesting pNY300 with RsaI and DraI and purifying the 58 bp band from an agarose gel. This was ligated to pBEND2 which had been digested with SalI, dephosphorylated with alkaline phosphatase, and filled in with Klenow polymerase. pRF940 was constructed by digesting pNY300 with DraI and SalI, and purifying the 300 bp fragment from a 5% polyacrylamide gel. This was then digested with BstBI and filled in with Klenow polymerase and the 190 bp fragment was purified from an 8% acrylamide gel which was ligated to pBEND2 which had been digested with XbaI, filled in with Klenow polymerase, dephosphorylated with alkaline phosphatase and isolated from a 0.6% agarose gel. pRF930 was constructed by digesting pRF940 with BamHI, ClaI, and RsaI, filling in with Klenow polymerase, and purifying the 144 bp fragment from an 8% acrylamide gel. This was ligated to pBEND2 digested with XbaI, dephosphorylated with alkaline phosphatase, filled in with Klenow polymerase and isolated from a 0.6% agarose gel.
Electrophoretic mobility shift assays (EMSA). PCR was used to amplify sequences from pRF911, pRF912, pRF918, pRF920, pRF930, and pRF940 with primers RFE16 (GGTGCCTGACTGCGTTGCA) and RFE17 (TAGGCGTATCACGAGGCCCT). DNA was radio-labelled by including approximately 50 µCi [α 32 P]ATP in the PCR reactions. Reactions were concentrated in a Savant SpeedVac and the DNA isolated from a 1.5% agarose gel. A Beckman LS3801 scintillation counter was used to determine the concentration of labeled DNA using the specific activity of [α 32 P]ATP. Approximately 3000 cpm of DNA was used in each reaction with the specified amount of purified TraM. Binding reactions were conducted in binding buffer (final concentration 50mM Tris, 10% glycerol, 1 mM DTT, 30 µg/mL BSA) with Determination of cooperativity of binding. The presence of cooperativity of binding was assessed using four different but related approaches. 1. Hill plots (12) were constructed by graphing the log of the free DNA concentration divided by that of the total complexed DNA versus the log of the protein concentration. The Hill coefficient (n H ), was calculated from the maximum slope of the curve and used to determine cooperative binding (n H greater than 1). 2. The breadth of the binding curve was used to determine affinity of TraM for its binding sites according to the method of Freifelder (12) it If the association constants for each site are identical, then:
(1/K a of smaller site) 2
(free protein at 50% binding of larger site) 2
Values of ω greater than 1 indicate cooperativity.
Competition assays to determine the specificity of binding. The binding sites cloned into pRF911 (sbmA) and pRF940 (sbmABC) were amplified by PCR using primers RFE16 and RFE17 and used as competitor DNA in competitive electrophoretic mobility assays. The nonradioactive DNA was purified from a 1.5% agarose gel and quantified by absorbance at 260 nm.
fmol of radiolabeled template was incubated with various amounts of TraM for 15 minutes at
Cooperativity of F TraM 37 O C. Non-radioactive sbmABC (0.5 amol to 500 fmol) was then added in a 1 µL volume and incubated for an additional 15 minutes at 37 O C. Reactions were resolved on a 5% acrylamide gel and the intensity of bands was determined by phosphorimaging the dried gel.
Hydroxyl radical footprinting. Approximately 0.5 µg of plasmid DNA (pRF911, pRF920) was digested with PvuII and run on a 1.8% agarose gel. The 156 bp and 183 bp (respectively) fragments were excised from the gel and purified. Sequencing reactions were performed using either RFE9 (GCTGCCCGGGAGGCCTTC) or RFE10 (GCTGGATATCTTTAAACTCGAG), Sequenase (USB) and 33 P-labelled ddNTP (Pharmacia). 125 pmol of RFE9 or RFE10 were end-labeled using 5 µL (50µCi) of [γ 32 P]ATP (ICN) and polynucleotide kinase for 1 hour.
Primers were purified using Quick Spin Oligo columns (Roche). PCR reactions using the endlabeled primer and 125 pmol of either RFE9 or RFE10 were performed and the product was run out on a 1.8% agarose gel. The 158 bp and 185 bp fragments were excised and purified.
Radioactivity was quantified using a scintillation counter and approximately 5000 cpm was used in each reaction. Purified TraM was allowed to bind to the DNA in a 15 µL volume in 100 mM sbmAB, and sbmABC in an ordered fashion giving one or two retarded species (complexes I and II) below 1700 nM. A finer gradation in increasing TraM concentrations gave more precisely defined patterns of band retardation for sbmAB and sbmABC which were used to determine association constants and the presence of cooperativity (Fig. 3A,B) . Only two species were initially seen for sbmABC (Fig. 2 ), which were resolved into three distinct bands in Fig. 3B (complexes I-III). Increased amounts of TraM gradually decreased the mobilities of sbmC and the half sbmA site, with a faint intermediate band appearing in the latter (Fig. 2 B Competition assays to determine specificity of binding. The stabilities of TraM-DNA complexes (Fig. 7B, 8B ).
<Figure 7>
The hydroxyl radical footprint for sbmA did not align precisely with the predicted consensus sequence but was shifted somewhat upstream (solid arrows compared to dashed arrows in Fig.   8A ). While the GC-rich nature of the TraM binding sites is striking, TraM contacted the CT bases within the CTAG motif, repeated twice, 12 bases apart, on both the upper and lower strands of sbmA, suggesting that sequence recognition was dependent on the non-GC bases within this 4 base palindrome.
<Figure 8>
The pattern of contact between TraM and bases within sbmC appeared to be unrelated to the footprint for TraM and sbmA (Fig. 8B) . The strongest binding was in the center of the inverted repeat with both strands of the DNA being protected. This sequence bears no resemblance to the which had no detectable effect on DNA bending as determined by electron microscopy (22).
Instead, IHF, which has two binding sites in oriT bordering sbmC, has been implicated in construction of the relaxosome in F and pED208 (22, 23) . The sequence between sbmA and sbmB does not contain an IHF binding site 3 suggesting that TraM could bind sbmA and -B simultaneously, folding the DNA back on itself to form a hairpin. Thus, bending the DNA in the sbmABC region could involve a combination of IHF and looping by TraM.
An interesting phenomenon involved the binding patterns of TraM to sbmA, sbmAB, and sbmABC versus sbmC and a half sbmA site. The binding pattern of the first three gave defined species suggesting the formation of distinct complexes which were composed of specified amounts of protein and DNA. However, binding to the latter two binding sites gave species which gradually increased in size as more TraM was added, a phenomenon that was also seen in all EMSAs at high protein concentrations. This suggests that as more protein was added, the protein complex bound to the DNA increased proportionately in size, with the added TraM being distributed approximately evenly among all the complexes. The smearing of these species during EMSA also suggested that these complexes were not stable and dissociated during electrophoresis. The striking pattern of protection in the hydroxyl radical footprints occurred at approximately every 11-12 bp. This suggests a model whereby TraM could wrap the DNA around itself to form a large complex with the protein contacting 4-5 bases approximately every 11 bp. This would resemble the nucleosome-like structure proposed for TraK in the RP4 system (24) . TraK bends the DNA and wraps it around a multimeric core of protein in a process that is independent of IHF.
Cooperativity of F TraM
Competition assays demonstrated that complex I and II(III) for sbmA, sbmAB and sbmABC, were found to be highly stable and resist dissociation in the presence of a 1000-fold excess of specific DNA competitor. At very high concentrations of competitor DNA, small amounts of dissociation were seen for complex II of sbmAB and sbmABC which resulted in formation of complex I. Complex I resisted dissociation in all cases suggesting a very stable complex was formed. Binding to sbmC was not as strong, and dissociation was seen when competitor DNA reached a 100-fold excess. Clearly, the presence of sbmA and sbmB stabilizes TraM binding to sbmC. These experiments were conducted using linear DNA templates, however, supercoiling is predicted to have an effect on TraM activity and possibly increase the degree of cooperativity even further, an aspect of TraM function that is currently under study.
Hydroxyl radical footprinting was also performed on TraM bound to sbmA and sbmC in order to define which bases were protected within the previously published DNase I footprint (6).
Footprinting of sbmA showed that TraM had as many points of contact on the upper and lower strands in contrast to the results for DNase I footprinting which indicated more contact with the upper, retained strand. Modeling TraM onto sbmA suggested that a dimer initially recognizes the sequence CTAG and binds to two adjacent major grooves 12 base pairs apart on the same face of the DNA (Fig. 8) . This would agree with the tetrameric nature of TraM where each dimer within a tetramer would interact with two major grooves at two binding sites (sbmA and sbmB, for instance), in a cooperative fashion. We have demonstrated that the intracellular concentration of TraM is critical for transfer (26) . As cells enter exponential growth, the transcription of traM diminishes and the levels of TraM in the cell are undetectable by late exponential phase. If sbmC, the site nearest oriT, and ostensibly the most important for transfer, was bound by TraM in a manner that was sensitive to the intracellular concentrations of the protein, the F conjugation apparatus would have engineered a simple, sensitive mechanism for controlling conjugation ability. In wild type F-like plasmids, conjugation is repressed by the fertility inhibition system FinOP (27) . F is naturally derepressed and appears to control its fertility via a complex circuitry centered around control of traM transcription by TraY (9) , and other host proteins. 
